Abstract. One method of increasing forest carbon stocks that is often discussed is increasing stocking levels on existing forested lands. However, estimates of the potential increases in forest carbon sequestration as a result of increased stocking levels are not readily available. Using the USDA Forest Service's Forest Inventory and Analysis data coupled with the Forest Vegetation Simulator, we estimate that, for a seven-state region in the northeastern United States, timberland contains about 1768 Tg of carbon in aboveground live biomass across all stocking classes. If all medium and understocked stands had the carbon density of fully stocked stands, an additional 453 Tg of carbon would be stored. While the carbon gains per unit area are greatest for understocked stands, generally fewer than 10% of stands are in this condition. The increase in carbon storage per unit area is smaller for stands in the medium stocked class, but the large proportion of stands in this condition offers considerable opportunities. Our analysis indicates that, when seeking to increase forest carbon storage, managing stocking levels is an option with considerable potential, especially since no changes in land use are required.
INTRODUCTION
Emerging carbon markets and the continuing development of state and regional climate action plans and agreements have focused attention on carbon sequestration as an ecosystem service and as an additional value of forests. Land-based carbon mitigation options such as afforestation of marginal agricultural lands and establishment of riparian buffers are frequently evaluated during the drafting of such plans due to the relatively low costs, the large increase in carbon stored per unit area, and the opportunity to accrue important co-benefits such as improved water quality and increased wildlife habitat.
An option relatively overlooked by research studies, possibly due to the long history of operational stocking control in forestry, is to increase stocking of understocked forests. Managing the distribution, number, and kinds of trees on a site is the main way foresters affect forest growth. Stocking can be conveyed directly using stand density measures such as basal area or number of trees per hectare, or as a comparison of current stand status to an ''ideal'' or reference stand of similar age and productivity potential. For this study, we chose a comparative measure of stocking. A fully stocked forest stand is one in which the growing space can be fully utilized by the trees; stands in the fully stocked category are considered to be at the optimal density for maximum growth (Gingrich 1967) . Stocking management of existing forests has often been considered in applications such as state climate action plans to increase the density of carbon stored in existing forests (for examples, see Maine Department of Environmental Protection [2004] , Minnesota Climate Change Advisory Group [2008] , Michigan Climate Action Council [2009] ). The Maine Climate Action Plan lists specific targets and timelines for increasing stocking in poorly stocked stands (Maine Department of Environmental Protection 2004) .
Few published research studies report on the potential gains in forest carbon from increased stocking of understocked forests. Birdsey et al. (2000) review a number of forest sector-related options to reduce carbon emissions and increase sinks. Increasing the density of trees on non-stocked and poorly stocked forestland is specifically discussed as an option, though estimates of potential carbon gain from increased stocking are not given. Using forest statistics bulletins published by the USDA Forest Service Forest Inventory and Analysis (FIA) program, Vasievich and Alig (1996) estimate that opportunities to increase growth exist on roughly 81.7 million hectares of timberland outside the national forest system; the majority of these consist of restocking poorly stocked or currently nonstocked timberland. Huang et al. (2004) conducted an analysis of the economic feasibility of several types of forest carbon sequestration projects in the United States and report that ;56% of loblolly/shortleaf pine stands in the South are understocked. Planting these understocked forests represents an important opportunity to increase carbon storage, especially on lands with higher site productivity. Birdsey (1992) estimates carbon storage resulting from increased productivity of poorly stocked timberland by forest type and broad geographic region, using average values derived from FIA data combined with some basic assumptions. He reports that the greatest gains were likely when regenerating poorly stocked stands in a deficient state, such as those with competing vegetation or trees in very poor condition.
The purpose of this study is to investigate the potential for additional carbon storage in aboveground live biomass on understocked productive forestland in the northeastern United States. Productive forestland, also called timberland, is defined by the FIA Program (USDA Forest Service; available online), 2 as forested land capable of producing a minimum of 1.4 m 3 Áha À1 Áyr À1 of timber, accessible, and not reserved from harvest. While storing carbon on all forestland, defined as land with 10% cover (or equivalent stocking) in live trees, offers additional opportunities, only timberland is considered in this study. Non-timberland forest is minor in the northeast and economic management opportunities will likely be low. The main research questions are: (1) What is the mean carbon density in northeastern U.S. forests for each stocking class? and (2) What is the potential increase in the amount of carbon stored in aboveground live biomass if poorly stocked and medium stocked timberland was fully stocked? Increasing stocking of less than fully stocked stands is a commonly mentioned management option: What is the potential, hypothetically, to increase carbon storage in existing forests?
METHODS
The study area includes Maine, Vermont, New Hampshire, Massachusetts, Connecticut, New York, and Pennsylvania. This area is well forested; the amount of land area classified as forestland ranges from 58% in Connecticut and Pennsylvania to 89% in Maine (see Table 1 for land area data). These northeastern forests are in the temperate humid ecoclimatic zone with strong seasonal changes. The dominant forest-type group in the region is maple-beech-birch, with substantial amounts of the oak-hickory type present in Connecticut, Massachusetts, and Pennsylvania; Maine forests have a large spruce-fir component. The majority of forested lands in the study area are in private ownership (Butler 2009) . Financial assistance and technical expertise for forest management including stocking considerations are available to private forest landowners from the USDA Forest Service (available online) 3 through States and other partners.
Ground plot inventory data from the FIA program (see footnote 2) were used to assess the potential gains in carbon storage if poorly and medium stocked stands carried the carbon density found in fully stocked stands. Forest inventory protocols began changing from a periodic survey to an annualized system in 1999; generally, a sampling ''panel'' of one-fifth of the plots in these states is inventoried in a given year. In Maine and Pennsylvania all established plots had been inventoried at the time we accessed the data, while other states generally had two or three panels of plots available. Rhode Island was not included because the number of plots inventoried was too small to calculate realistic mean carbon densities for each stocking class. The extensive nature of the FIA design provides information for strategic decisions: each forested phase-2 FIA plot represents 2429 ha of forestland (Bechtold and Patterson 2005) .
All available annual data for timberland in the study area were downloaded by us in 2007 from the FIA database using the Mapmaker 2.1 interface from the FIA website, which created files ready for use with the Forest Vegetation Simulator (FVS; available online).
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Since the time the data were accessed, FIA has made numerous changes to the structure of the FIA database; a new interface is being developed to create files formatted for use in FVS. FVS is the nationally supported set of regionally specific growth and yield models maintained by the USDA Forest Service. The ability to calculate carbon stocks has been incorporated into the Fire and Fuels Extension (FFE) of FVS (Hoover and Rebain 2008, Reinhardt et al. 2009 ). Since the data were collected in different years, FVS was used to grow each FIA plot forward to a common year of 2005, and the carbon estimation functions in the FFE were used to generate the estimates of carbon in aboveground live biomass for each individual plot, using the generalized biomass equations of Jenkins et al. (2003) . The mean and standard error of the plot carbon densities were then calculated for each forest-type group and stocking-class combination. Mean carbon densities were not calculated for each age-class combination due to the low numbers of plots available in the younger age classes; stand age is a rough approximation, especially in heterogeneous stands. Mapmaker was also used to retrieve the area by stocking class for each forest-type group in each state; nonstocked timberland area was excluded because the focus of the analysis was on differences in carbon density between stocking classes.
The assignment of stocking classes to each FIA plot nationwide is an automated procedure using speciesspecific functions of diameter developed from normal yield tables and stocking charts. Stocking functions were adopted that relate the area occupied by an individual tree to the area occupied by a tree of the same size growing in a fully stocked stand of like trees; details of the approach are given in Arner et al. (2001) . The stocking values of all live trees on the plot were calculated and the class was assigned as listed in Table  2 . Note that these stocking algorithms were not designed to categorize forest stocking in terms of carbon, that is, fully stocked does not mean potential carbon is reached. An algorithm customized to emphasize carbon would provide more precise results.
Statewide estimates of current carbon storage on timberland are the product of mean carbon storage for a particular stocking level/forest-type group combination and the area in that category. Estimates of additional carbon storage potential by county were generated by assigning the mean carbon density of fully stocked plots in that county to poorly stocked, or poorly and mediumstocked plots in that county, then calculating the additional carbon that could be stored above the current level. Counties with ,10% of land area in timberland were excluded, as were counties where all designated timberland was in the nonstocked condition.
RESULTS
Across the study area, the proportion of timberland area in the poorly stocked class averaged ;10%, with slightly higher values in New York and Pennsylvania (Fig. 1) . Generally the proportion of overstocked timberland was minor, at ,5% by area. The highest value was 10% by area in Maine, which has a sizeable amount of densely stocked young stands. In the sevenstate region of the northeastern United States about 49% of the timberland area, roughly 12 million hectares, was less than fully stocked.
Mean carbon density in aboveground live tree biomass (AGB) for timberland only is shown by county in Fig. 2 . The inventory plots encompass a variety of stocking classes and forest types. Mean carbon densities on timberland varied widely: most counties in Pennsylvania fell in the 68-82 Mg C/ha category, while many counties in Massachusetts and Connecticut averaged .83 Mg C/ha.
On fully stocked plots, mean carbon density in AGB ranged from about 74 to 106 Mg C/ha, with most states averaging in the 90s (Table 3) . Mean carbon density on poorly stocked plots fell between 25 and 36 Mg C/ha, while medium stocked plots showed a broader range, with values averaging 53-72 Mg C/ha. The difference in average carbon density of AGB was greatest between the poorly and fully stocked categories for all states, ranging between 42 and 81 Mg C/ha, with most values ;60 Mg C/ha. Carbon density was higher by 30-35 Mg C/ha in fully stocked stands than stands in the medium stocking class for all states studied (with higher and lower mean values in Vermont and Maine, respectively). Differences in carbon density between the poor and medium stocking classes were more variable, with values of 19-47 Mg C/ha, with most in the 20s (Table 3) .
We applied the differences in average carbon density between poorly stocked and fully stocked forests by county, to arrive at the potential hypothetical increase in carbon storage on timberland if poorly stocked lands carried the current carbon density of fully stocked lands (Fig. 3a) . Results varied widely by state and were largely a function of stocking class, although age-class distribution was a contributing factor. The potential increase in carbon density on timberland if both poorly and medium stocked stands carried the current carbon density of fully stocked plots is shown in Fig. 3b . Many counties throughout the study area could offer opportunities to increase carbon in existing stands, with potential gains of 12 Mg C/ha or greater. Current (2005) standing stocks of carbon in AGB on timberland for each state are given in Table 4 , along with the statewide estimates of the potential gains above current levels that would result if the area in poor and medium stocking classes carried the same carbon density as the fully stocked timberland. If the mean carbon density on all timberland acres was equivalent to those of fully stocked areas of the same age, the additional carbon that could potentially be stored represents 19-31% of current standing stocks in the states across the study area. The highest absolute potential is for New York; Maine, Vermont, and Massachusetts average ;19%, with the remaining states between 26-30%. In absolute terms, larger states or states with poor stocking will exhibit the highest theoretical potential. The highest potential for additional carbon storage is in Pennsylvania and New York, where an additional 273 Tg C could be stored if all timberland carried the carbon density of fully stocked stands.
We estimate that timberland in these forests currently contains 1768 Tg C in AGB, which is 453.8 Tg C, or 25% lower, than they would be if all stands were fully stocked. If it took 40 years for all stands to reach full stocking, the increase in carbon over this time period is about 11 Tg C/yr. This is a substantial increase, as the forests in these states are currently estimated to sequester a net 9.8 Tg C/yr in all non-soil carbon pools on all forestland (Smith and Heath 2008).
DISCUSSION
Vasievich and Alig (1996) calculated that regenerating understocked forests on private timberland of the United States could result in sequestering ;76.1 Tg C/ yr on 81.7 million hectares, which is about 57% of the total private timberland. This is ;0.93 Mg CÁha although there is no discussion about the time period over which this rate could be expected to occur. Our results indicate 453.8 Tg C more could exist in northeastern U.S. timberland if all forests were fully stocked, which would be about 0.94 Mg C/ha/yr if it took 40 years to reach a fully stocked state (but not explicitly including carbon changes due to age changes). Our estimate that ;49% of the northeastern timberland area was less than fully stocked is similar to the estimate by Huang et al. (2004) that 56% of loblolly/shortleaf stands in the southern United States are understocked. These comparisons highlight that understocking is an issue in many forests, and that fully stocked forests feature substantially more carbon than understocked forests.
Planting trees on lands that are currently not forested obviously provides large and easily quantifiable carbon gains. However, there are a limited number of hectares where tree planting is feasible in the northeast due to economic, policy, and other considerations. While many state climate plans and various assessments of forestrelated climate mitigation options mention adjustments in stocking levels as a strategy, few estimates of the potential carbon gains from changes in stand stocking have been calculated. Our analysis shows that stocking levels can have a large influence on the amount of carbon stored on timberland, and that managing stand stocking may provide opportunities to sequester additional carbon; this is most easily achieved during the early stages of stand development. However, we agree with Birdsey (1992) who suggests that regenerating poorly stocked stands of low productivity, and essentially starting over with a new stand, can achieve substantial carbon gains.
In each of the seven states studied there were considerable differences in the carbon density between stocking classes. For almost every state, the difference between poorly stocked and fully stocked plots was ;60 Mg C/ha. Although the proportion of timberland area in the poorly stocked condition is generally only around 10% in each state studied, the potential increase in carbon storage that could be achieved if poorly stocked stands were increased to full stocking represents 6-14% of current timberland carbon stocks. The highest potentials are in New York and Pennsylvania (14% and 11%, respectively), the states with the highest proportion of poorly stocked lands. Potential increases are lowest in Maine (6%). Of the states studied, current timberland carbon density is lowest in Maine; this is mainly a result of harvesting activity and other disturbances. One-quarter of the sample plots in Maine are 40 years old or less, and these younger stands, even when fully stocked, have a lower carbon density due to the smaller diameters of the young trees. About 65% of the overstocked plots in Maine were 40 years old or less; the average carbon density for overstocked stands was lower than that of fully stocked stands for this reason (by comparison, just 4% of overstocked stands in Massachusetts were 40 years old or less).
While the proportion of poorly stocked stands by area is small, the magnitude of the difference between poorly and fully stocked stands is quite large in all states, and even the difference between poorly and medium stocked stands is considerable (representing 3-6% of the current standing carbon stocks on timberland). However, a much larger proportion of timberland area is of medium stocking (see Appendix for estimates of timberland area by stocking class at the county level). The difference between medium and fully stocked stands is also substantial, ;30 Mg C/ha (Table 3) . When this response is combined with the large land area in this stocking class, the result is large potential gains in carbon storage across the forested landscape. In some cases, land may be in the medium stocked condition due to planned density management treatments to achieve management objectives associated with medium stocking. However, lower stocking levels are commonly the result of missed opportunities during the early stages of stand development. Many additional megagrams of carbon could be stored in existing forests if timberland that is in the   FIG. 3 . Potential increase in carbon density on timberland (aboveground live tree biomass) by county (a) if poorly stocked acres were fully stocked and (b) if poorly and medium stocked acres were fully stocked. Note that the two panels have different carbon density scales. medium stocked class for reasons other than silvicultural treatments was fully stocked (Table 4) . While some treatments to increase stocking levels, such as interplanting, are often not economically feasible, ensuring prompt and successful regeneration of stands following harvest or other stand-replacing disturbance is a practicable means of creating fully stocked stands over the long term. Further opportunities to increase carbon density are also possible by restocking stands that are currently nonstocked; however, only stocked stands were included in this analysis. While data for overstocked stands are presented here and treatment of overstocked stands may influence carbon dynamics, we did not consider the effects of applying stocking control in these stands. Increasing stocking levels in understocked stands is not a strategy that will produce immediate results but is an option that can be considered, especially in areas where there is limited land area available for afforestation. Our results also serve as a reminder that when stands are regenerated, stocking levels should be carefully monitored when carbon sequestration is a major management objective. Ensuring prompt and successful regeneration is a low-cost way to achieve a fully stocked condition, and any necessary interventions are most easily applied during the early stages of stand development. We recognize that there are economic and policy considerations related to implementing increases in stocking levels, and that increased stocking may not be an appropriate strategy in all geographic regions and forest types. In particular, areas that are fire prone or susceptible to repeated droughts or pest outbreaks may be most appropriately maintained at lower stocking levels to meet forest health objectives. However, the purpose of this study is not to examine the suitability of increased stocking as a management strategy across the landscape, but rather to assess the theoretical potential for increased carbon storage in existing forests based on the current carbon density and stocking levels of timberland in the northeastern United States.
The potential effects of climate change could alter the growth rates of northeastern forests and affect their ability to sequester carbon, as well as changing the usefulness of increased stocking levels as a means of increasing forest carbon storage. Hayhoe et al. (2007) projected potential changes in climate for the northeastern United States under various emissions scenarios using multiple models. They found that for the period 2035-2064, under a low-emissions scenario, average annual temperature was projected to increase 2.18C while annual precipitation was projected to increase by 5%. The majority of the increased precipitation was predicted to occur in the winter months; the frequency of short-term droughts was also projected to increase under all scenarios. Research is needed to consider how climate change may affect the amount of stocking required for a stand to be considered fully stocked under future conditions, as well as the ability of forests to continue to act as a carbon sink. 
